ABSTRACT -(Effectiveness of plant growth promoting rhizobacteria in facilitating lead and nutrient uptake by little seed canary grass). We investigated the effectiveness of Nitroxin inoculation on lead (Pb) and nutrient uptakes by little seed canary grass. The factors tested included inoculation (or not) with Nitroxin and different soil concentrations of Pb (0, 200, 400 and 800 mgPb kg -1 soil). Increasing soil concentrations of Pb decreased stem, leaf and root dry weights. Shoot phosphorus concentrations increased in parallel with increasing soil Pb concentrations. Nitroxin inoculation did not alter the phosphorus concentration of the roots. The Pb translocation factor was > 1 in inoculated treatments in the Pb soil concentration range of 200 to 400 mg kg -1 ; the translocation factor for 800 mgPb kg -1 with no inoculation of Nitroxin was, however, < 1. Our results indicated that the Pb bioaccumulation factor for little seed canary grass was < 1, indicating that it is a Pb excluding plant.
INTRODUCTION
Heavy metals are some of the most dangerous substances in the environment due to their persistence and harmfulness to living organisms (Henry 2000) . Lead is one of the major contaminants of soils, sediments, and water, and it can adversely affect the central and peripheral nervous systems, hematopoietic system, kidneys, gastrointestinal tract, liver, myocardium, and reproductive systems of animals (Tintinelli et al. 1992) .
Phytoremediation techniques use plants to extract environmental contaminants or to render them innocuous (Salt et al. 1998 ) and represent an eco-friendly approach to pollution site decontamination (Suresh and Ravishankar 2004) .
Studies of the interactions between plant roots and diverse soil microbiota (such as fungi, bacteria and their associated microfauna) are important for elucidating ecological interactions between plants, microbes, soils, and climatic factors in the phytoremediation of contaminated soils (Khan 2006) . The impact of microbiological processes on the decontamination of environments polluted by toxic metals and radioactive substances can be quite significant from an economic and environmental point of view (Gadd 2001) . However, the physical and chemical natures of the sites may influence the effectiveness of microbial bioremediation processes, as they can affect the form in which heavy metals occur (Van der Lelie et al. 2001) . The rhizosphere comprises mycorrhization helper bacteria (MHB) and plant growth promoting rhizobacteria (PGPR) (Andrade et al. 1997 ), P-solubilizers, free-living and symbiotic nitrogen fixers, antibiotic producing rhizobacteria, plant pathogens, predators, and parasites (Sun et al. 1999) . Rhizospheric PGPR bacteria can promote plant root establishment and durability by adhering to root surfaces and using root exudates for growth by synthesizing amino acids and vitamins and colonizing the developing root system (Frankenberger et al. 1996) . The rhizospheric competence of introduced PGPRs can be affected, however, by quantitative and qualitative variations in root exudates during plant growth (Khan 2006) . PGPRs can enhance plant growth directly by providing bio-available phosphorus for plant uptake, fixing nitrogen for plant use, sequestering trace elements such as iron for plants, producing plant hormones such as auxins, cytokinins and gibberellins, and by lowering plant ethylene levels (Glick et al. 1999) .
The use of weeds for the phytoremediation of heavy metal-contaminated lands appears to have considerable potential. Little seed canary grass (Phalaris minor L.; family Poaceae) -LSCG, is one of the most abundant annual weeds found in Iran, grows very rapidly with high biomass production and a dense root system. There is currently no data available on the effects of Pb and PGPR on the growth of LSCG. The present study therefore investigated the responses of little seed canary grass to Pb, as well as the effects of PGPR inoculation on plant biomass production, Pb concentrations in roots and shoots, and the uptake and translocation of nutrients (including nitrogen [N] and phosphorus [P] ) by this grass.
MATERIAL AND METHODS
The experiments were performed under greenhouse conditions. Soil was collected from the top 20 cm layer from arable lands, then air dried and subsequently sieved (< 2 mm mesh) before use. Ten seeds of LSCG were sown in each pot with or without inoculation of Nitroxin (a biofertilizer that containing nitrogen fixing bacteria, including Azotobacter and Azospirillum) then thinned to five plant per pot at four leaf stage.
Seeds were collected from wheat fields and kept at room temperature for one year. The pots were maintain under glasshouse conditions at 25/10 °C day/night temperatures, under natural solar radiation. Pot were irrigated daily. LSCG is a very fast growing plant and is able to withstand adverse environmental conditions.
Pb and nutrient analyses
Plant samples were divided into stems, leaves, and roots, washed thoroughly with distilled water, and then oven dried at 70 °C for 24 h before further analysis. The dry biomass of plant materials was recorded. The plant material was then ground up and digested in 3:1 HNO 3 and HClO 4 (Merck) (v/v) overnight. The concentrations of Pb were determined using atomic absorption spectrophotometry (M SERIES; Thermo, China) (Sun et al. 2005 ) using Pb(NO 3 ) 2 as a standard. Total N and total P were quantified by using the Berthelot reaction and the molybdenum blue method respectively (Page et al. 1982) .
Pb Translocation Factor (TF)
Pb translocations from roots to shoots were measured by calculating the TF, as given below:
Where C shoot and C root represent the heavy-metal concentrations in the plant shoots (mg kg -1 ) and roots (mg kg -1 ) respectively. TF values > 1 indicate that Pb is effectively translocated from the roots to the shoots (Zhang et al. 2002 , Fayiga & Ma 2006 .
Pb Bioaccumulation Factor (BAF)
The bioaccumulation factor (BAF) of Pb was calculated by:
Where C shoot and C soil represent the heavy-metal concentrations in the plant shoots (mg kg -1 ) and the soils (mg kg -1 ) respectively. Plants are classified as hyperaccumulators, accumulators, or excluders based on BAF values > 1 mg kg -1 , equal to 1, or < 1 mg kg -1 respectively (Ma et al. 2001 , Cluis 2004 ).
Statistical analysis
Data were subjected to analysis of variance, and the means were compared using LSD at P < 0.05. SAS software (version 9.1) was used for all statistical analyses.
RESULTS

Plant biomass
Inoculation with Nitroxin had no significant effects on leaf or root dry weight gains, but markedly influenced stem dry weights (table 1). Nitroxin and lead interactions significantly affected the leaf, stem, and figure 2 ). Pb caused decreases in leaf biomasses with or without Nitroxin inoculation (figure 2). We also found that increasing soil Pb concentrations reduced root dry weight (figure 3). Minimum root growth was observed at 800 mgPb kg -1 dry soil (figure 3). 
Shoot and root nitrogen concentrations
Nitroxin inoculation and Pb soil concentrations had significant impacts on shoot nitrogen concentrations (table 1) . Pb significantly affected nitrogen concentration in the shoots of little seed canary grass in all treatments (figure 4). Maximum shoot nitrogen concentrations were found at soil Pb concentration of 800 mg kg -1 both with and without PGPR inoculation (figure 4). When LSCG was grown in un-inoculated soils, Pb concentration up to 400 mg kg -1 increased their root nitrogen contents; as Pb concentrations further increased to 800 mg kg -1 , root nitrogen contents decreased (figure 5).
Shoot and root phosphorus concentrations
Phosphorus concentrations in LSCG shoots and roots were significantly affected by Nitroxin and Pb and their interactions (table 1). Shoot phosphorus concentrations under Nitroxin inoculation conditions decreased with increasing Pb concentrations (figure 6). In the absence of Nitroxin, soil Pb concentrations up to 200 mg kg -1 increased shoot phosphorus concentrations, while increasing Pb to 400 mg kg -1 decreased phosphorus concentrations in the shoot; increasing soil Pb concentrations above 400 mg kg -1 resulted again in increases in shoot phosphorus concentrations (figure 6).
Under conditions of Nitroxin inoculation, root phosphorus concentrations remained constant with increasing Pb concentrations (figure 7). Without Nitroxin inoculation phosphorus content increase in relation to controls in the range of 200 to 400 mgPb kg -1 ; but at a concentration of 800 mg kg -1 , root phosphorus concentrations decreased. 
Root and shoot Pb concentrations
Nitroxin inoculation did not have any significant effect on root and shoot Pb content, with only soil Pb levels markedly affecting heavy metal concentrations in plant tissues (table 1) , with increasing concentrations of soil Pb increasing plant tissue Pb contents. The highest amounts of Pb were observed in roots and shoots in the 800 mgPb kg -1 dry soil treatments (figure 8). Interactions between Nitroxin and Pb did not significantly influence the Pb content of little seed canary grass (table 1). 
Translocation and bioaccumulation ratios
The translocation factor of Pb, with or without Nitroxin inoculation, at concentrations of 200 and 400 mgPb kg -1 was > 1; at concentrations of 800 mgPb kg -1 the TF was < 1. The Pb bioaccumulation factor (BAF), both with and without inoculation of Nitroxin, was < 1 (table 2) .
DISCUSSION
Lead can inhibit plant growth, and our results indicated that increasing Pb concentrations caused reductions in leaf, stem, and root dry matter accumulations in little seed canary grass. Diaz-Aguilar et al. (2001), Geebelen et al. (2002) , Sinha et al. (2006) , and Jayakumar et al. (2007) likewise observed inhibitory effects of Pb on plant growth. Inhibitory effects of Pb on plants were also reported by Kastori et al. (1998) , Tomar et al. (2000) , and Munzuroglu & Geckil (2002) . Mukherji & Maitra (1977) and Carlson et al. (1976) similarly reported inhibitory effects of Pb on cereal crops and other plants. Lead can directly affect cell elongation by inhibiting cell wall enzymes and plasmalemma ATPase and by dampening electron translocation in photosynthesis and respiration -thus causing reductions in plant growth. Even small amounts of Pb (1.0 mg kg -1 ) can decrease mitochondrial respiration (Brekle & Kahle 1992) . Plant biomass reductions due to Pb exposure are caused by reductions in their photosynthetic and metabolic rates (Sinha et al. 2006) .
The inoculation of little seed canary grass with Nitroxin had positive effects on plant growth under Pb stress, most likely by alleviating Pb toxicity, and increased shoot yields were observed as compared to treatments without inoculation (Wu et al. 2006) . Sharp et al. (2011) reported that plant growth-promoting hormones such as auxin and gibberellin produced by rhizobacteria promoted plants growth under conditions of heavy metal stress. Nitrogen fixing bacteria such as Azotobacter and Azosperillum are responsible for the biological fixation of N 2 , which enhances nitrogen availability to plants and increases its concentration in the soil (Glick et al. 1999 , Wu et al. 2006 , Zhuang et al. 2007 ). The application of Nitroxin during phytoremediation can therefore be very important due to the important roles of these microorganisms (Burd et al. 2000 , Zhuang et al. 2007 ) in enhancing soil detoxification (Mayak et al. 2004 ). The plant growth promoting rhizobacteria Kluyvera ascorbata sub165, which was isolated from heavy metal-contaminated soil in Canada, was found to protect canola (Brassica napus L.) against nickel (Ni), lead (Pb), zinc (Zn) and chromium (Cr) toxicity (Burd et al. 1998) . Jayakumar et al. (2007) reported that increasing cobalt (Co) concentration from 50 to 250 mg kg -1 decreased the nitrogen content of Raphanus sativa L. Rother et al. (1983) reported that excess cadmium and Pb reduced the nitrogen content of Trifolium repens L., while Gomes et al. (1985) demonstrated that heavy metals reduced nitrate uptake by sorghum (Sorghum bicolor (L.) Moench.) roots. In our experiments, reductions in plant root nitrogen contents occurred at the highest concentration of Pb without Nitroxin inoculation. The constant nitrogen contents of LSCG roots with Nitroxin inoculation could also be due to increased nitrogen translocation. Nitroxin is known to enhance the levels of auxins and gibberellins in plants, and these hormones increase shoot growth and nitrogen translocation to the shoot (Khan 2005) . Wu et al. (2006) noted that rhizobacteria produce a variety of growth-promoting hormones (including auxins, gibberellins and B vitamins) that stimulate root exudate production. The enhancement of ammonia concentrations in the rhizosphere by Nitroxin is likewise an important functional factor that can improve plant growth, especially in the presence of root exudates, and would explain why plants inoculated with rhizobacteria have higher nitrogen contents and demonstrate greater growth. These hormones increase nitrogen translocation in plant shoots (Khan 2005) .
Our results showed that Nitroxin inoculated plants exposed to high Pb concentrations had constant amounts of phosphorus in their roots, whereas the same Pb concentrations reduced the amount of phosphorus in their shoots. There have been reports of adverse effects of Pb on phosphorus uptake and accumulation in plants. Diaz-Aguilar et al. (2001) and Geebelen et al. (2002) , for example, observed that excess Pb decreased phosphorus concentrations in the shoots and spikes of wheat (Triticum aestivum L.), and a suggested that phosphorus and Pb formed an insoluble complex. Sinha et al. (2006) reported that Pb decreased phosphorus concentrations in the shoots and roots of cabbage (Brassica oleracea L.). Ardakani et al. (2009) likewise indicated that Pb reduced phosphorus accumulation in barley (Hordeum vulgare L.), although Larsson et al. (1998) reported that excess Pb increased phosphoros concentrations in the roots and shoots of canola.
In our trials, the translocation and bioaccumulation of Pb in little seed canary grass were not affected by inoculation with Nitroxin. Our review of the literature indicated that there existed a wide range of variations in the Translocation Factor (TF) of Pb. Tang et al. (2009) reported that the TF of Arabis paniculata was < 1 in the range of Pb concentration between 9 and 296 μmol. Sun et al. (2008 Sun et al. ( , 2009 showed that the TF of black nightshade (Solanum nigrum L.) was > 1, while Rezvani & Zaefarian (2011) reported that the TF of Aeluropus littoralis changed with differing soil Pb concentrations.
The observed inefficiency of Nitroxin in enhancing Pb uptake by little seed canary grass could be due to the inefficient manner in which it increases nitrogen and phosphorus bioavailability, and it may also be inefficient at increasing Pb solubility and its availability for plants. Huang & Cunninghan (1996) likewise reported low Pb solubility as an important inhibitor of Pb phytoremediation, in agreement with results of Huang et al. (1997) . The bioaccumulation of Pb is dependent on the plant being tested and on soil Pb concentrations. Rezvani & Zaefarian (2011) showed that the Pb BAF of Aeluropus littoralis varied from 0.13 to 1.35 at different soil Pb concentrations, but the BAF (both with and without Nitroxin inoculation) seen with LSCG was always low. Reductions of the BAF for heavy metals, such as Zn and Cd at higher soil metal concentrations, were also reported by Efroymson et al. (2001) and Zhao et al. (2003) .
Plants may follow two different strategies of Pb uptake and translocation. Many plants, such as Thlaspi praecox Wulf., have exclusion strategies that prevent Pb from entering the plant. These plants can accumulate cadmium (Cd) and zinc (Zn) but exclude Pb from their tissues (Vogel-Mikus et al. 2005) . However, some plants such as Sesbania drummindii (Fabaceae), and some species of Brassicaceae (such as Brassica juncea (L.) Czern.) can accumulate high Pb concentrations in their roots (Wong et al. 2001) .
Our results demonstrated that Nitroxin increased the resistance of little seed canary grass to excess Pb, possibly by the production of antibiotics such as kanamycin, streptomycin, ampicillin, tetracycline, and rifampicin by PGPR (Jiang et al. 2008) . Sahi et al. (2002) reported that Sesbania drummondii (Rydb.) Cory could tolerate soil Pb levels up to 1500 mg kg -1 and could accumulate 40 mgPb kg -1 in its shoots. Our results also demonstrated that Pb has a stunting effect on plant growth, with increasing soil Pb contents causing decreased stem, leaf, and root biomass accumulations. Inoculation with Nitroxin had no marked effect on shoot Pb concentrations with increasing soil Pb concentrations. Nitroxin appears to provide protection to little seed canary grass by alleviating Pb toxicity and reducing the concentrations of this heavy metal in the plant by stimulating phytohormone production. Nitroxin influenced root Pb uptake, and its Pb translocation and bioaccumulation factors indicated that LSCG accumulated Pb in its roots but inhibited Pb translocation into the shoot. We therefore conclude that little seed canary grass is a Pb excluding plant.
